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a b s t r a c t
The methodology to derive cross-section data from measurements in a cold neutron beam was studied.
Mostly, capture cross-sections at thermal energy are derived relative to a standard cross-section, e.g. the
cross-section of the 1H(n,γ), 14N(n,γ), or 197Au(n,γ) reaction, and proportionality between the standard
and the measured cross-section, evaluated at different energies in the sub-thermal region, is often
assumed. Due to this assumption the derived capture cross-section at thermal energy can be biased by
more than 10%. Evidently the bias depends on how much the energy dependence of the cross-section
deviates from a direct proportionality with the inverse of the neutron speed. The effect is reduced in case
the cross-section is not derived at thermal energy but at an energy close to the average energy of the
cold neutron beam. Nevertheless, it is demonstrated that the bias can only be avoided in case the energy
dependence of the cross-section is known and proper correction factors are applied. In some cases the
results are also biased when the attenuation of the neutron beam within the sample is neglected in the
analysis. Some of the cross-section data reported in the literature suffer from such bias effects. Hence,
the results have to be corrected using the correction factors presented in this paper.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Cross-sections for neutron induced reactions at thermal energy
can be derived from measurements in a cold neutron beam to
minimize contribution from resonance capture. From these experi-
ments an average reaction rate integrated over the neutron energy
spectrum is measured. To derive from such an integral quantity a
cross-section at a speciﬁc energy, e.g. at thermal energy (25.3 meV
or 2200 m/s), reference is made to a standard cross-section. The 1H
(n,γ) [1], 14N(n,γ) [2] or 197Au(n,γ) [3] cross-sections are mostly
used as standard cross-section.
It is often supposed that both the standard and unknown cross-
sections are proportional to the inverse of the incident neutron
speed, i.e. that they have a pure 1=v shape. This assumption is not
valid when the cross-section is dominated by the contribution
from low energy resonances or from bound states close to the
neutron separation energy. For such reactions the energy depen-
dence of the cross-section is required to deduce a cross-section at
a given energy.
In this work bias effects due to cross-sections deviating from a
1=v shape and due to the shape of the neutron energy spectrum
are investigated. In addition, the effect of the attenuation of the
neutron beam and the contribution of multiple interaction events
within the sample are veriﬁed. The analysis in this work is limited
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to reaction rates. No attempt is made to study bias effects due to
emission probabilities, decay constants or missing transitions.
The study is focused on the cross-sections for the 241Am(n,γ)
and 237Np(n,γ) reactions. These cross-sections were selected since
they are strongly inﬂuenced by bound states close to the neutron
separation energy and by low energy resonances. In addition,
results of direct measurements of the energy dependence are
available [4,5]. In the study two cold neutron beam facilities and a
pure thermal Maxwellian spectrum at room temperature are
considered.
2. Methodology
Measurements in cold neutron beams are very useful to
determine capture cross-sections in the thermal and sub-thermal
energy region. From such measurements an average reaction rate
is obtained. This rate is used to derive the cross-section at a given
energy E0, mostly taken at thermal energy, i.e. at 25.3 meV
corresponding to a neutron speed of 2200 m/s. The theoretical
estimate of the rate for a neutron induced capture reaction with
nuclide x is
Rx ¼
1
Vx
Z
σxðEÞφðE; r!Þ dE dV ð1Þ
where Rx is the average reaction rate per nucleus, Vx the sample
volume, φðE; r!Þ the spatial and energy dependent neutron ﬂuence
rate and σxðEÞ the energy dependent cross-section for the capture
reaction with nuclide x.
Mostly reference is made to a standard cross-section that is
used to determine the neutron ﬂuence rate. The cross-section of
interest at a speciﬁc energy E0, denoted by σ0;x, is derived from the
standard cross-section σ0;s at this energy and the ratio of reaction
rates:
σ0;x ¼ σ0;s
Rx
Rs
1
Vs
R
σ0sðEÞφðE; r
!Þ dE dV
1
Vx
R
σ0xðEÞφðE; r
!Þ dE dV
ð2Þ
where Rx and Rs are the reaction rates per nucleus of the reaction
of interest and the standard reaction, respectively. The energy
dependences of the corresponding cross-sections, which are
denoted by σ0sðEÞ and σ0sðEÞ, are normalized to unity at the energy
E0 by
σ0iðEÞ ¼ σiðEÞ=σ0;i; i¼ x; s: ð3Þ
Cold neutron beams are characterized by a close-to-Maxwellian
neutron spectrum, with a peak energy that is signiﬁcantly lower
than 25.3 meV. In this region most of the cross-sections are
directly proportional to the inverse of the neutron speed. For this
reason it as often assumed that the cross-sections at energy E0 can
be derived directly from the ratio of the reaction rates [6–8] and
Eq. (2) reduces to
σ0;x ¼ σ0;s
Rx
Rs
: ð4Þ
Such an assumption is not always justiﬁed and can result in bias
effects even if the cross-section is derived at an energy E0 below
the thermal energy. Also, by applying Eq. (4) the attenuation of the
neutron ﬂux within the samples is neglected.
To derive accurate cross-sections, the energy dependence of the
cross-sections is required [9] and the unknown cross-section
should be derived from the following equation:
σ0;x ¼ σ0;s
Rx
Rs
Fs
Fx
Fφ;s
Fφ;x
ð5Þ
where
Fi ¼
R
σiðEÞφ0ðEÞ dER
σ0;i
ﬃﬃﬃﬃﬃﬃ
E0
E
r
φ0ðEÞ dE
; i¼ x; s ð6Þ
is a correction factor accounting for the deviation from 1=v energy
dependence of the cross-section. The correction factor
Fφ;i ¼
1
Vi
R
σiðEÞφðE; r!Þ dE dVR
σiðEÞφ0ðEÞ dE
; i¼ x; s ð7Þ
accounts for the attenuation of the neutron beam in the samples,
where φ0ðEÞ is the energy dependent ﬂuence rate of the unper-
turbed neutron ﬁeld (e.g. the incoming neutron beam). While the
correction factor Fi depends only on the cross-section shape, the
correction factor Fφ;i also depends on the absolute value of the
cross-section.
2.1. Cross-section shape correction factors
The correction factors Fi ¼ x;s are due to the deviation from a 1=v
dependence of the cross-section. The factors equal unity only if the
cross-sections are proportional to the inverse of the speed in the
energy region contributing to the reaction rate and in the region
that includes the energy E0 at which the cross-section is derived.
The cross-sections for the 1H(n,γ), 14N(n,γ) and 197Au(n,γ)
reactions are often used as standard cross-sections. Their recom-
mended cross-sections at thermal energy are reported in Table 1.
The cross-sections for 1H(n,γ) and 14N(n,γ) are expected to behave
as 1=v in a broad energy region covering the sub-thermal and epi-
thermal regions. However, the cross-section for the 197Au(n,γ)
reaction deviates from 1=v behaviour in the thermal region. This
deviation can be described by a correction factor which can be
approximated by a linear function FsðkBTÞ ¼ aþbkBT , where T is
the effective temperature of the neutron beam and kB the
Boltzmann constant. Assuming a Maxwellian distribution at dif-
ferent temperatures and using the cross-section recommended in
the JEFF-3.2 library [10], the parameters a and b are 0.9910 and
0.5822 eV1, respectively. For kBT between 0.1 meV and 100 meV
this approximation deviates at most 0.1% from the original values.
The non-1/v behaviour can also be concluded from the Westcott
factor g¼1.005 at kBT ¼ 25:3 meV that differs from unity. One
should note, however, that a Westcott factor g¼1 at room
temperature does not necessarily imply that no corrections for
non-1/v behaviour are required.
The thermal cross-section for 197Au(n,γ) is recommended with
a small uncertainty, i.e. σ0;Au ¼ 98:6870:12 b [3]. This value at
25.3 meV is predominantly determined by the result of transmis-
sion measurements in the energy region between 0.04 meV and
3.55 meV carried out by Dilg et al. [13]. In Ref. [13] all corrections,
i.e. the contributions due to coherent and incoherent neutron
scattering and those for the non 1/v-behaviour, are described in
detail. Below the Bragg cutoff at 3.69 meV, corresponding to a
plane with Miller indices (111) and a neutron wavelength of
0.471 nm, the contribution due to coherent elastic scattering can
be neglected [13].
Table 1
Cross-sections of standard neutron induced capture reactions at thermal energy
E0 ¼ 25:3 meV.
Reaction σs;0 / b Ref.
1H(n,γ) 0.332670.0007 [1]
14N(n,γ) 0.080370.0008 [2]
197Au(n,γ) 98.6870.12 [3]
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The impact of the energy dependence of the 197Au(n,γ) cross-
section on the capture cross-section at 25.3 meV was veriﬁed by
considering three different energy dependent cross-sections for
this reaction. The cross-sections were calculated by using:
 the 280 unbound states (or positive resonances) in the JEFF-3.2
library and an additive 1/v component (CS1),
 only the 4.9 eV resonance with parameters from JEFF-3.2
E0 ¼ 4:8997 eV, J¼2, Γn ¼ 0:01496 eV and Γγ ¼ 0:1214 eV)
and an additive 1=v component (CS2),
 only the 4.9 eV resonance with parameters from Wood et al.
[14] (E0 ¼ 4:906 eV, J¼2, Γn ¼ 0:0156 eV and Γγ ¼ 0:124 eV)
and an additive 1=v component (CS3).
The amplitude of the 1=v component, which contributes for about
5% to the capture cross-section at thermal energy, was determined
in a ﬁt to the data of Dilg et al. [13] corrected for the scattering
contributions. The 1=v component reﬂects the contribution of the
direct capture component and/or the bound/unbound states far
away from the separation energy. The cross-section of option CS3
corresponds to the one used by Dilg et al. [13]. The resulting cross-
sections at thermal energy, σ0;Au ¼ 98:63 b, 98.67 b and 98.73 b for
CS1, CS2 and CS3, respectively, are within the 0.12% quoted
uncertainty. Hence, the value derived from the data of Dilg et al.
[13] does not change even considering the new recommended
resonance parameters.
2.2. Flux attenuation within the samples
When samples are placed perpendicular to the neutron beam and
relatively thin samples are used, such that multiple interaction events
can be neglected, the correction for the change in the neutron ﬂux in a
sample can be determined analytically. In case the sample for the
standard reaction is placed in front of the sample that is used to
determine the cross-section of interest, the correction factors become
Fφ;s ¼
R
σsðEÞφ0ðEÞ
1exp½nsσtot;sðEÞ
nsσtot;sðEÞ
dE
R
σsðEÞφ0ðEÞ dE
and
Fφ;x ¼
R
σxðEÞφ0ðEÞensσtot;sðEÞ
1exp½nxσtot;xðEÞ
nxσtot;xðEÞ
dE
R
σxðEÞφ0ðEÞ dE
ð8Þ
where σtot;sðEÞ and σtot;xðEÞ are the total neutron induced cross-
sections of the standard and the nuclide of interest, respectively, and
ns and nx denote the number areal densities. Since an absolute value of
the cross-section is required to determine the correction factor, an
iterative procedure should be applied.
For more complex conﬁgurations, in particular when the
neutron ﬁeld is not monodirectional, the self-shielding corrections
can be calculated by Monte Carlo simulations. Stochastic calcula-
tions should also be used when the contribution of multiple
interaction events cannot be neglected, i.e. in case of relatively
thick samples or in case of presence of signiﬁcant amount of a
matrix material.
3. Applications
3.1. Reaction rates
The above-described methodology was applied to verify possi-
ble bias effects in case of 241Am(n,γ) and 237Np(n,γ) cross-section
measurements in the cold neutron beams of the FRM II in
München and the Budapest Research Reactor (BRR) and in a pure
thermal neutron spectrum. The study is based on calculated
reaction rates using a reference cross-section and a reference
spectrum. The 197Au(n,γ) reaction was used as standard reaction
using the cross-section of the JEFF-3.2 library. Homogeneous
mono-nuclide samples were considered, with an areal number
density of nAu ¼ 2  105 at=b, nNp ¼ 1  104 at=b and nAm ¼ 2 
106 at=b for the 197Au, 237Np and 241Am samples, respectively.
These values are based on the sample sizes that are used in the
experiments reported in Refs. [7,8,11]. The contribution of the
multiple interaction to the studied reaction rates was estimated
and found to be less than 0.05%, 0.01%, 0.3% for 197Au, 241Am,
237Np, respectively. Therefore, multiple interactions were
neglected in the calculation of the reaction rates.
The reference spectra for the cold neutron beams at the FRM II
at München and the Budapest Research Reactor are shown in
Figs. 1 and 2, respectively. The neutron spectra from the FRM II
[12] and BRR cold beam facilities were both measured with the
time-of-ﬂight technique. In the ﬁgures the result of an adjustment
using a Maxwellian spectrum is also shown. The temperatures
resulting from a ﬁt to the reference spectra are kBT ¼ 2:42 meV
and kBT ¼ 5 meV for the beams at FRM II and BRR, respectively.
The experimental conditions (sample sizes and neutron spec-
tra) for the simulated reaction rates are realistic, however not
necessarily following the conditions of the existing measurements
from the literature. The emphasis of this analysis is to indicate
possible bias effects which can arise from inaccurate assumptions.
Fig. 1. Neutron spectrum φðEÞ of the cold beam at the FRM II facility in München
[15] (SP0) and the ﬁtted Maxwellian at 2.42 meV (SPM).
Fig. 2. Normalized neutron energy distribution for the PGAA station of the cold
beam facility in the BRR reactor [11] (SP0) and the ﬁtted Maxwellian at
5 meV (SPM).
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The reaction rate RAm for 241Am(n,γ) was calculated using the
cross-section resulting from the resonance parameter ﬁle deter-
mined by Lampoudis et al. [16]. This ﬁle, with minor modiﬁcations,
was later released as a part of the JEFF-3.2 library [17]. The thermal
capture cross-section resulting from this ﬁle is σ0;Am ¼ 749 b. The
ﬁle includes one bound state (negative resonance). The unbound
states (positive resonances) represent a contribution of only 30% to
the (n,γ) cross-section at thermal energy. As noticed in Ref. [18]
the external contribution originates from a bound state close to
the neutron separation energy and not from an additive 1=v
contribution. This is conﬁrmed by recent capture cross-section
measurements carried out at J-PARC/MLF/ANNRI [4]. The results of
these measurements, normalized to 749 b at 25.3 meV, are com-
pared in Fig. 3 with the cross-section obtained from the parameter
ﬁle of Lampoudis et al. [16] and with a ﬁle which was obtained
from an analysis with a pure 1=v additional contribution. The
energy dependence of the data of Ref. [4] is in good agreement
with the cross-section based on the bound state, in contrast to
the cross-section based on a pure 1=v additional contribution. A
similar agreement in shape dependence has been reported in Ref.
[17] when comparing the cross-section derived from the para-
meters of Lampoudis et al. [16] with the results of measurements
carried out at LANL/DANCE [19]. The advantage of measurements
at J-PARC/MLF/ANNRI and LANL/DANCE is that due to the high
peak intensity of the neutron ﬂux relatively thin samples can be
used, such that the observed capture yield is almost directly
proportional to the capture cross-section.
The reaction rate RNp for 237Np(n,γ) was calculated using the
cross-section obtained from a resonance parameter ﬁle consisting
of the unbound states recommended in the JEF-2.2 library com-
plemented with two bound states. The JEF-2.2 parameters for
237Np are adopted in the latest JEFF-3.2 library. The parameters of
the bound states were adjusted in a ﬁt to the experimental data
between 10 meV and 0.6 eV resulting from measurements at
J-PARC/MLF/ANNRI [5]. These data are consistent with the results
of the LANL/DANCE measurements [20]. The cross-sections were
normalized to 177 b at 25.3 meV. The contribution of the bound
states to this cross-section is about 80%. The result of this
adjustment is compared in Fig. 4 with an approach using only
one bound state and a pure 1=v additional component.
The ﬁnal reaction rate ratios Rx=Rs are reported in Table 2. In
general they depend on the neutron spectrum, however for a pure
1=v cross-section they are independent of the spectrum. These
ratios were used to derive the capture cross-sections at
E0 ¼ 25:3 meV and E0 ¼ 3 meV using Eqs. (4) and (5). To verify
the role of the energy spectrum of the cold neutron beam, the
analysis was performed for correction factors calculated with the
reference spectrum (SP0), i.e. the results of the Monte Carlo
simulations, and with the ﬁtted Maxwellian spectrum (SPM).
The data in Figs. 3 and 4 reveal that for the 241Am(n,γ) and
237Np(n,γ) reactions the cross-sections in the low energy region
Fig. 3. Different 241Am capture cross-sections used in the analysis of the reaction rate ratios. On the left graph, the capture cross-sections, normalized to 749 b at 25.3 meV,
are shown. On the right graph, the capture cross-sections, multiplied by
ﬃﬃﬃ
E
p
and normalized to 1 at 25.3 meV, are compared.
Fig. 4. Different 237Np capture cross-sections used in the analysis of the reaction rate ratios. On the left graph, the capture cross-sections, normalized to 177 b at 25.3 meV,
are shown. On the right graph, the capture cross-sections, multiplied by
ﬃﬃﬃ
E
p
and normalized to 1 at 25.3 meV, are compared.
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deviate from 1=v behaviour. This feature of the cross-sections is
used to investigate bias effects due to the energy dependence of
the cross-sections. Therefore, the cross-section at E0 was derived
by applying Eqs. (4) and (5) using different energy dependencies
for the cross-sections to calculate the correction factors of Eqs.
(6) and (7). These cross-sections are compared in Figs. 3 and 4 for
241Am and 237Np, respectively, and described in more detail in the
next paragraph.
3.2. Cross-section shapes for 241Am and 237Np
For 241Am, the capture cross-sections at E0 ¼ 3 meV and E0 ¼
25.3 meV were derived from the reaction rates in Table 2 by
applying Eqs. (4) and (5) using three different cross-sections:
 the cross-section that was used for the calculation of the
reaction rates, i.e. resulting from the resonance parameter ﬁle
of Lampoudis et al. [16], which includes one bound state
(negative resonance) (CS0),
 the cross-section based on resonance parameters resulting
from a ﬁt to the experimental data of Lampoudis et al. [16],
however, using only an additive 1=v component (CS1), and
 the cross-section data resulting from measurements at J-PARC/
MLF/ANNRI [4], which was complemented below 0.01 eV with
extrapolated data based on a 1=v shape (CS2). The amplitude of
the 1=v component was derived from the data of Ref. [4] in the
region around 10 meV.
The cross-sections were normalized to 749 b at 25.3 meV.
For the 237Np(n,γ) reaction four cross-sections were used in the
analysis. They were based on the resonance parameters of JEF-2.2
with an additional contribution due to bound states or an additive
1=v component. The ﬁnal cross-sections are as follows:
 the cross-section that was used for the calculation of the
reaction rates, i.e. using parameters for the unbound states
from the JEF-2.2 library complemented with two bound states
(CS0);
 the cross-section based on the JEF-2.2 resonance parameters
for the unbound states complemented with the parameters of
one bound state (CS1);
 the cross-section based on the JEF-2.2 resonance parameters
for the unbound states complemented with a 1=v component
(CS2);
 the cross-section from the JEF-2.2 library, which includes one
bound state. (CS3).
The cross-sections were normalized to 177 b at 25.3 meV. For the ﬁrst
three cross-sections the additional contribution, i.e. parameters of the
bound state(s) or amplitude of 1=v component, was deﬁned by a least
squares ﬁt to the cross-section data between 10meV and 0.6 eV
measured at J-PARC/MLF/ANNRI [5]. Fig. 4 reveals that for a good
description of the data of Ref. [5] at least two bound states close to the
neutron separation energy are required.
4. Results
4.1. Cold neutron beam at the FRM II reactor
The cross-sections σ0;Am at E0 ¼ 25:3 meV and E0 ¼ 3 meV,
derived from the reaction rate ratios in Table 2 using the different
correction factors, are reported in Tables 3 and 4, respectively. For the
reference spectrum (SP0) the resulting cross-section and correction
factors are speciﬁed. The results for 237Np(n,γ) are listed in
Tables 5 and 6. For the calculations based on the Maxwellian
spectrum (SPM) only the ﬁnal results are given in the last column.
Evidently using the reference cross-sections (CS0) and spectrum (SP0)
the cross-sections are correctly reproduced. However, the results at
E0 ¼ 25:3 meV are strongly inﬂuenced by the energy dependence of
the cross-section. For the analysis of both the 237Np(n,γ) and 241Am(n,
γ) data, the sensitivity to the spectrum shape is not signiﬁcant. Hence,
an analysis with a Maxwellian spectrum sufﬁces.
Supposing a full 1=v dependence for the 241Am(n,γ) cross-section
the value derived at E0¼25.3 meV is overestimated by 4%. The bias
increases to 8%when the unbound states are complemented by an 1=v
contribution instead of a bound state. The difference is o1% when
using the cross-section shape derived from the measurements at
Table 3
241Am capture cross-section at E0 ¼ 25:3 meV derived from the reaction rates at the
FRM II cold neutron beam given in Table 2. Results are given for an analysis with
the reference spectrum (SP0) and the corresponding Maxwellian spectrum (SPM).
For the SP0 spectrum the various correction factors are speciﬁed. For the
Maxwellian spectrum only the derived cross-section σ0;Am is given. The reference
cross-section at 25.3 meV is 749 b. The correction factors for gold are FAu ¼ 0:993
and Fφ;Au ¼ 0:997.
Eq. Cross-section SP0 SPM
FAm Fφ;Am σ0;Am (b) σ0;Am (b)
(5) CS0 1.040 0.991 749 748
(5) CS1 0.965 0.991 807 808
(5) CS2 1.047 0.991 744 743
(4) 1=v 779 779
Table 4
241Am capture cross-section at E0 ¼ 3 meV derived from the reaction rates at the
FRM II cold neutron beam given in Table 2. Results are given for an analysis with
the reference spectrum (SP0) and the corresponding Maxwellian spectrum (SPM).
For the SP0 spectrum the various correction factors are speciﬁed. For the
Maxwellian spectrum only the derived cross-section σ0;Am is given. The reference
cross-section at 3 meV is 2270 b. The correction factors for gold are FAu ¼ 1:001 and
Fφ;Au ¼ 0:997.
Eq. Cross-section SP0 SPM
FAm Fφ;Am σ0;Am (b) σ0;Am (b)
(5) CS0 0.997 0.991 2270 2266
(5) CS1 1.002 0.991 2257 2260
(5) CS2 0.998 0.991 2267 2263
(4) 1=v 2248 2248
Table 2
Cross-sections σ0 for the 197Au(n,γ), 241Am(n,γ) and 237Np(n,γ) reactions at 3 meV and 25.3 meV resulting from the cross-sections that were used to calculate the reaction rate
ratios per nuclide (Rx/Rs) for measurements at the cold beam of FRM-II and the Budapest Research Reactor (BRR) and a pure Maxwellian thermal neutron spectrum
(kBT ¼ 25:3 meV).
Reaction σ0 (b) Rx=Rs
E0 ¼ 3 meV E0 ¼ 25:3 meV FRM II BRR Maxwellian (kBT ¼ 25:3 meV)
197Au(n,γ) 284 98.7
241Am(n,γ) 2270 749 7.917 7.796 7.585
237Np(n,γ) 570 177 1.917 1.877 1.754
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J-PARC/MLF/ANNRI [4], as expected from the data in Fig. 3. Bias effects
only due to the shape of the cross-sections are largely reduced when
the cross-sections are derived at E0 ¼ 3 meV. The correction factor
accounting for the ﬂux attenuation is by deﬁnition independent of the
energy E0 at which the cross-section is evaluated. Due to the use of
relatively thin samples, bias effects due to the ﬂux attenuation are less
than 1%.
The bias due to the energy dependence of the 237Np(n,γ) cross-
section is larger than for 241Am. Supposing a full 1=v dependence
for the 237Np(n,γ) cross-section the value derived at E0 ¼ 25:3 meV
is overestimated by 10%. As for 241Am, the bias becomes even
larger when the unbound states are complemented by an 1=v
contribution instead of a bound state. The result assuming one
bound state is between the two-bound-state and the 1=v value.
The cross-section with the bound state ﬁtted to the ANNRI data
(CS1) yields a result closer to the reference two-bound-state cross-
section (CS0) than the JEF-2.2 cross-section (CS3). The bias is again
largely reduced when the cross-sections are derived at E0 ¼ 3 meV.
However, even at such a low energy the results can be biased by
1%. This is due to the substantial contribution of bound states close
to the neutron separation energy. Since the areal density of the
neptunium sample is signiﬁcantly larger than the one of the
americium sample, the ﬂux attenuation correction is larger. The
correction factor is about 4%. An absolute value of the cross-
section is required to determine this correction factor. Since the
absolute value of the cross-section is derived from the measure-
ment itself, an iterative procedure should be applied. However,
since the ﬂux attenuation factor is relatively small, one iteration is
sufﬁcient to reach convergence. The ﬂux attenuation factor also
depends on the cross-section shape, but due to a very small
sensitivity of the factor to the energy dependence, assuming 1=v
shape for the calculation of the ﬂux attenuation correction factor
yields a sufﬁciently accurate result.
4.2. Cold neutron beam at the Budapest Research Reactor
The results for the analysis of the 241Am(n,γ) data are listed in
Tables 7 and 8, and for 237Np(n,γ) in Tables 9 and 10. From these
data similar conclusions can be drawn.
Due to a higher effective temperature of the cold neutron
beam, the corrections due to both the cross-section shape and the
ﬂux attenuation are smaller than for the FRM II spectrum. As
expected from the comparison of calculated and ﬁtted spectra in
Figs. 1 and 2, the differences between the reference spectrum
(SP0) and the ﬁtted Maxwellian spectrum (SPM) are larger than
for the FRM II spectra. However, they are still small compared to
the differences due to different cross-section shapes.
4.3. Thermal spectrum
To make the study more complete also a pure thermal neutron
spectrum at room temperature was considered. The results for 241Am
(n,γ) are listed in Tables 11 and 12, and those for 237Np(n,γ) in
Tables 13 and 14. Compared to the cold neutron spectra, the correction
factors due to ﬂux attenuation are smaller, as expected. Also, at
E0 ¼ 25:3 meV the variations due to different cross-section shapes
are reduced. For E0 ¼ 25:3 meV, the cross-section shape correction
factor F by deﬁnition equals the g-factor at room temperature in the
Westcott convention. On the other hand, at E0 ¼ 3 meV the variations
due to different cross-section shapes are larger due to increased
difference between the energy of the evaluated cross-section and
the spectrum-averaged neutron energy.
Table 5
237Np capture cross-section at E0 ¼ 25:3 meV derived from the reaction rates at the
FRM II cold neutron beam given in Table 2. Results are given for an analysis with
the reference spectrum (SP0) and the corresponding Maxwellian spectrum (SPM).
For the SP0 spectrum the various correction factors are speciﬁed. For the
Maxwellian spectrum only the derived cross-section σ0;Np is given. The reference
cross-section at 25.3 meV is 177 b. The correction factors for gold are FAu ¼ 0:993
and Fφ;Au ¼ 0:997.
Eq. Cross-section SP0 SPM
FNp Fφ;Np σ0;Np (b) σ0;Np (b)
(5) CS0 1.098 0.962 177 177
(5) CS1 1.046 0.964 186 186
(5) CS2 0.989 0.966 196 196
(5) CS3 1.023 0.965 189 190
(4) 1=v 189 189
Table 6
237Np capture cross-section at E0 ¼ 3 meV derived from the reaction rates at the
FRM II cold neutron beam given in Table 2. Results are given for an analysis with
the reference spectrum (SP0) and the corresponding Maxwellian spectrum (SPM).
For the SP0 spectrum the various correction factors are speciﬁed. For the
Maxwellian spectrum only the derived cross-section σ0;Np is given. The reference
cross-section at 3 meV is 570 b. The correction factors for gold are FAu ¼ 1:001 and
Fφ;Au ¼ 0:997.
Eq. Cross-section SP0 SPM
FNp Fφ;Np σ0;Np (b) σ0;Np (b)
(5) CS0 0.992 0.962 569 568
(5) CS1 0.996 0.964 565 566
(5) CS2 1.001 0.966 562 564
(5) CS3 0.998 0.965 564 565
(4) 1=v 544 544
Table 7
241Am capture cross-section at E0 ¼ 25:3 meV derived from the reaction rates at the
BRR cold neutron beam at the PGAA station given in Table 2. Results are given for
an analysis with the reference spectrum (SP0) and the corresponding Maxwellian
spectrum (SPM). For the SP0 spectrum the various correction factors are speciﬁed.
For the Maxwellian spectrum only the derived cross-section σ0;Am is given. The
reference cross-section at 25.3 meV is 749 b. The correction factors for gold are
FAu ¼ 0:995 and Fφ;Au ¼ 0:998.
Eq. Cross-section SP0 SPM
FAm Fφ;Am σ0;Am (b) σ0;Am (b)
(5) CS0 1.028 0.994 749 744
(5) CS1 0.976 0.994 789 793
(5) CS2 1.037 0.994 742 737
(4) 1=v 771 771
Table 8
241Am capture cross-section at E0 ¼ 3 meV derived from the reaction rates at the
BRR cold neutron beam at the PGAA station given in Table 2. Results are given for
an analysis with the reference spectrum (SP0) and the corresponding Maxwellian
spectrum (SPM). For the SP0 spectrum the various correction factors are speciﬁed.
For the Maxwellian spectrum only the derived cross-section σ0;Am is given. The
reference cross-section at 3 meV is 2270 b. The correction factors for gold are
FAu ¼ 1:003 and Fφ;Au ¼ 0:998.
Eq. Cross-section SP0 SPM
FAm Fφ;Am σ0;Am (b) σ0;Am (b)
(5) CS0 0.985 0.994 2270 2256
(5) CS1 1.014 0.994 2206 2218
(5) CS2 0.989 0.994 2262 2246
(4) 1=v 2221 2221
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5. Summary and conclusions
The experimental observable resulting from a cross-section
measurement in a cold or thermal neutron beam is mostly a ratio
of spectrum-averaged reaction rates. The averaged reaction rate of
an unknown cross-section is measured relative to the rate for a
standard cross-section. From such an integral quantity a cross-
section at a speciﬁc energy can be deduced, after applying a
correction for the ﬂux attenuation in the sample and a correction
which accounts for the deviation from the 1=v energy dependence
of the cross-section.
The former correction depends on the sample thickness. It has
been shown that even for relatively thin samples, such as the one
used for the 237Np(n,γ) measurement reported in Ref. [8], corrections
in order of 4% are required. The neutron ﬂux attenuation depends on
the cross-section shape. However, the sensitivity is so small that an
1=v shape can mostly be assumed.
The results of this study also show that using an incorrect
assumption about the cross-section shape, the bias in the derived
cross-section at thermal energy can be higher than 10%. This bias
can be reduced by deriving the cross-section at an energy that is
close to the average energy of the neutron beam. In case the
reaction rate is derived relative to the one for the 197Au(n,γ)
reaction, a simple procedure is proposed to account for the non-1/
v-behaviour of the 197Au(n,γ) cross-section.
Even such an approach can result in a bias of about 1% in case
of the 237Np(n,γ) cross-section. Hence, the most reliable and
accurate method to determine the 241Am or 237Np capture
cross-section is by applying a correction for the deviation from
the 1=v energy dependence of the cross-section. The required
prior knowledge of the energy dependence can be directly
obtained from results of time-of-ﬂight measurements at an
intense pulsed white neutron source such as the one of the
J-PARC/MLF/ANNRI facility.
Table 9
237Np capture cross-section at E0 ¼ 25:3 meV derived from the reaction rates at the
BRR cold neutron beam at the PGAA station given in Table 2. Results are given for
an analysis with the reference spectrum (SP0) and the corresponding Maxwellian
spectrum (SPM). For the SP0 spectrum the various correction factors are speciﬁed.
For the Maxwellian spectrum only the derived cross-section σ0;Np is given. The
reference cross-section at 25.3 meV is 177 b. The correction factors for gold are
FAu ¼ 0:995 and Fφ;Au ¼ 0:998.
Eq. Cross-section SP0 SPM
FNp Fφ;Np σ0;Np (b) σ0;Np (b)
(5) CS0 1.065 0.976 177 175
(5) CS1 1.032 0.977 183 182
(5) CS2 0.992 0.978 190 191
(5) CS3 1.016 0.977 185 185
(4) 1=v 185 185
Table 10
237Np capture cross-section at E0 ¼ 3 meV derived from the reaction rates at the
BRR cold neutron beam at the PGAA station given in Table 2. Results are given for
an analysis with the reference spectrum (SP0) and the corresponding Maxwellian
spectrum (SPM). For the SP0 spectrum the various correction factors are speciﬁed.
For the Maxwellian spectrum only the derived cross-section σ0;Np is given. The
reference cross-section at 3 meV is 570 b. The correction factors for gold are
FAu ¼ 1:003 and Fφ;Au ¼ 0:998.
Eq. Cross-section SP0 SPM
FNp Fφ;Np σ0;Np (b) σ0;Np (b)
(5) CS0 0.962 0.976 569 563
(5) CS1 0.983 0.977 556 554
(5) CS2 1.004 0.978 544 547
(5) CS3 0.991 0.977 552 551
(4) 1=v 534 534
Table 11
241Am capture cross-section at E0 ¼ 25:3 meV derived from the reaction rates in a
pure thermal spectrum at room temperature given in Table 2. Results are given for
an analysis with the corresponding Maxwellian spectrum (SP0). The various
correction factors are speciﬁed. The reference cross-section at 25.3 meV is 749 b.
The correction factors for gold are FAu ¼ 1:005 and Fφ;Au ¼ 0:999.
Eq. Cross-section SP0
FAm Fφ;Am σ0;Am (b)
(5) CS0 1.006 0.997 749
(5) CS1 1.039 0.997 726
(5) CS2 1.005 0.997 750
(4) 1=v 748
Table 12
241Am capture cross-section at E0 ¼ 3 meV derived from the reaction rates in a pure
thermal spectrum at room temperature given in Table 2. Results are given for an
analysis with the corresponding Maxwellian spectrum. The various correction
factors are speciﬁed. The reference cross-section at 3 meV is 2270 b. The correction
factors for gold are FAu ¼ 1:013 and Fφ;Au ¼ 0:999.
Eq. Cross-section SP0
FAm Fφ;Am σ0;Am (b)
(5) CS0 0.964 0.997 2270
(5) CS1 1.079 0.997 2028
(5) CS2 0.958 0.997 2285
(4) 1=v 2155
Table 13
237Np capture cross-section at E0 ¼ 25:3 meV derived from the reaction rates in a
pure thermal spectrum at room temperature given in Table 2. Results are given for
an analysis with the corresponding Maxwellian spectrum. The various correction
factors are speciﬁed. The reference cross-section at 25.3 meV is 177 b. The
correction factors for gold are FAu ¼ 1:005 and Fφ;Au ¼ 0:999.
Eq. Cross-section SP0
FNp Fφ;Np σ0;Np (b)
(5) CS0 0.992 0.986 177
(5) CS1 0.983 0.987 179
(5) CS2 1.010 0.987 174
(5) CS3 0.992 0.987 177
(4) 1=v 173
Table 14
237Np capture cross-section at E0 ¼ 3 meV derived from the reaction rates in a pure
thermal spectrum at room temperature given in Table 2. Results are given for an
analysis with the corresponding Maxwellian spectrum. The various correction
factors are speciﬁed. The reference cross-section at 3 meV is 570 b. The correction
factors for gold are FAu ¼ 1:013 and Fφ;Au ¼ 0:999.
Eq. Cross-section SP0
FNp Fφ;Np σ0;Np (b)
(5) CS0 0.897 0.986 569
(5) CS1 0.937 0.987 545
(5) CS2 1.022 0.987 499
(5) CS3 0.968 0.987 527
(4) 1=v 497
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In case cross-section shape measurements are not available in
the sub-thermal energy region, the thermal cross-section can only
be derived from an integral measurement in a cold neutron beam
by assuming a cross-section shape, e.g. a pure 1=v. In such cases,
there is no assurance that the derived thermal cross-section is
reliable and accurate.
Since the above mentioned corrections have not always been
applied to the data published in the literature, a re-analysis,
following the methodology described in this paper, of the corre-
sponding experimental data is required.
The neutron induced cross-section on 237Np (and also party
241Am) in the sub-thermal region cannot be reliably established
from the existing experimental data. New energy dependent
measurements below 10 meV are required.
The results of future experiments in the cold neutron beam
would best be given in the form of reaction rate ratios relative to a
standard reaction with experimental details about the samples
and the neutron spectrum to calculate the correction factors. The
minimum requirements are the areal densities of the samples and
the effective temperature of the neutron beam.
The existing thermal values for the capture cross-sections on
237Np and 241Am should be revised taking into account the energy
dependence of the corresponding cross-sections, based on energy
dependent experimental data, and thus a new recommendation
can be provided.
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